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Adenylate kinase motions during catalysis: an energetic 
counterweight balancing substrate binding 
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Background: Adenylate kinases undergo large conformational changes during 
their catalytic cycle. Because these changes have been studied by comparison 
of structures from different species, which share approximately one-third of their 
residues, only rough descriptions have been possible to date. 
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Results: We have solved the structure of unligated adenylate kinase from 
Escherichia coli at 2.2 A resolution and compared it with the high-resolution 
structure of the same enzyme ligated with an inhibitor mimicking both substrates, 
ATP and AMP. This comparison shows that, upon substrate binding, the enzyme 
increases its chain mobility in a region remote from the active center. As this 
region 'solidifies' again on substrate release, we propose that it serves as a 
'counterweight' balancing the substrate binding energy. 
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Conclusions: The comparison of two very different conformations of the same 
polypeptide chain revealed kinematic details of the catalytic cycle. Moreover, it 
indicated that there exists an energetic counterweight compensating the substrate 
binding energy required for specificity. This counterweight prevents the enzyme 
from dropping into a rate-reducing energy well along the reaction coordinate. 
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Introduction 
Adenylate kinases are ahundant nucleoside monophos-, 
phate (Nl\IP) kinases catalyzing the reaction 
l\Ig2+-A'I'P+Nl\IP ~ l\lg2+·ADP+:\'DP 
where Al\IP is the ;\l'l\IP [1 J. The enzymes consist of three 
domains (Fig. 1): the large CORE domain comprising 
the central parallel j3-sheet with several surrounding 
a-helices; the small Nl\IPhinJ domain forming the Nl\IP-
binding site; and the small LID domain cO\·ering the 
phosphates at the active center. 
To date, crystal structures of seven 0ll\IP kinases with and 
without hound suhstrates have heen puhlished [2-9]. 
Among other features, they show that the N:\IP kinase 
family is closely related to the signal transducing G-pro-
teins with respect to the chain fold and ATP/GTP-
binding sites [10]. Furthermore, the ATP-binding site and 
its environment shows clear similarities with the energy-
transducing enzymes, FI-ATPase [11] and myosin [12], in 
particular with respect to the giant anion hole accommo-
dating the j3-phosphate [13]. 
Superpositions of the known Nl\IP kinase structures reveal 
large domain movements upon suhstrate hinding [14,15J. 
The Nl\IPhinJ and LID domains move relative to the bulk 
of the polypeptide, the CO RE domain. These motions ha\e 
heen animated giving rise to a 'movie' of a catalytic cycle of 
the enzyme [16]. Until now, the conformational comparisons 
have, necessarily, been rather coarse, because they involved 
Nl\IP kinase species with quite different sequences that 
also contained several insertions and/or deletions. 
This report conccntrates on the adcn~·late kinase from 
FsdJe1idiia roli [17], presenting the structure of the unli-
gated enzyme (apo-AKecJ, and making direct comparisons 
with the structure of the same enzyme in complex with 
pI ,P'i-bis(adenosine-5' -)pen taphosphate (AKeco:APS-A) [4]. 
APsA is a bi-substrate analog inhihitor that connects ATP 
and Al\IP by a fifth phosphate, thus mimicking both sub-
strates. Essentially the same structure had heen observed 
in the enzyme ligated with A:\IP and the ATP analog 
Al\IPPNP (AKw,:A;"'IP:A\IPP]\;P) [8], but not defined to 
very tine detail (see helow). Because the cO\·alent 
polypeptide structures of unligated and ligated AKeco 
enzymes are identical. the conformational changes on sub-
strate hinding can now be examined in much more detail. 
Results and discussion 
Structure determination 
Recombinant E roli adenyl ate kinase was purified and 
crystallized at pH 6.9 using polyethyleneglycol as the pre-
cipitant (see below). The crystals belong to space group 
PI with two molecules (I and II) in the unit cell. X-ray dif-
fraction data were collected to 2.2 A resolution. In one 
instance, we encountered a crystal belonging to space 
group B2 with a single molecule in the asymmetric unit, 
and it was nearly isomorphous to the PI crystals. X-ray dif-
fraction data of this particular crystal were collected to 
4.0 A resolution and used for molecular replacement. 
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Figure 1 
T he initial molecular replaceme nt model was based on 
molecule I of AKeco:APSA ([4] ; POB e ntry l AKE). As the 
displaceme nts of domains NM Pbind and LI D on substrate 
binding were approximately known fro m homologous 
structures [14], we di ssected both domains from the bulk 
CORE and rotated the m towards the ir ope n conforma-
tions. T his mode l could be located in the B2 crystals by 
rotational sea rch, Patte rson correlation, translational 
search, and rigid-body refineme nt. It was the n transferred 
to the PI crystals by creating a symme try-related copy in 
the B2 cell and changing the unit ce ll to PI. The resolu-
tion was extended to 2.2 A by model building and simu-
lated annealing re finement. T he results are listed in 
T able I and illustrated in F igure 1. 
Structure quality and description 
The quality of the apo-AKeco model can be deduced from, 
a comparison of the two inde pendent molecules, I and II , 
in the asymmetric unit. T hey have the same secondary 
structure and very similar conformations. A superpos ition 
shows a root mean square deviation (rmsd) of 0.9 A for the 
whole polypeptide and 0.6 A for the Ca atoms. T he .devia-
tions are depicted in Figure 2a; their maximum occurs at a 
crystal contact (see be low). Separate superpos itions for 
each domain reduce the deviations to about 0.3 A (Fig. 2a; 
Table 2) indicating relative domain di splacements. T he 
residual 0.3 A corresponds we ll with the error estimates 
(Table 1). 
According to the program PROC H ECK [18], all backbone 
(<I>,IjI) angles are in allowed regions. A (<I> ,IjI) angle compari-
son between molecules I and II of apo-AKeco showed 
average deviations <111<1>1 > and <1 1l1jI1> of 8.4° and 8.6°, 
respective ly. T he corresponding internal comparison 
between the two indepe ndent molecules of the AKeco:APSA 
crystal yielded 7.r and 6.8°, demonstrating the higher 
Stereoview of the Ca backbone of adenylate 
kinase from E. coli without bound substrate 
(apo-AKac.,). The NMPbind and LID domains as 
well as the ATP- and AMP-binding sites are 
indicated. Several residues and hinge 
positions H 1-H8 (dots) are labeled. 
Table 1 
Refinement statistics of apo-AKSCO" 
Resolution 
Number of unique reflections 
Rmerge 
Completeness of data 
R-factor 
Rms bond deviations from standard 
Rms angle deviations from standard 
Luzzati coordinate error estimate [33] 
Read (J A-error estimate [34] 
Average B-factors (molecule II in parentheses) 
CORE main chain 
NMPbind main chain 
LID main chain 
Solvent molecules 
Number of solvent molecules 
10-2.2 A 
17932 
6.3% 
82% 
18.3% 
0.Q12 A 
1.7° 
0.30 A 
0.36 A 
30 (29) A2 
47 (46) A2 
68 (70) A2 
49 (49) A2 
72 (75) 
accuracy of thi s 1.9 A resolution structure. In contrast, the 
two indepe ndent molecules of the AKeco:AMP:AM PPN P 
crystal structure have much higher values of 14.1 ° and 
14.3°. T herefore, we simplified the de tailed comparisons 
by omitting this less accurate structure. Its close similarity 
to AKeco:APSA is demonstrated in T able 2. However, 
we included the AKeco:AMP:AMPPN P structure in the 
quantitative B-factor comparison which is crucial for the 
counte rweight hypothesis (see below). 
T he Ca backbone of apo-AKeco in F igure 1 shows the 
fi ve-stranded paralle l [3-sheet in the center of the CORE 
domain. T he secondary structure e lements we re assigned 
manually using the same crite ria as were used for 
AKcco:APsA [4]; they are reported in Figure 2. T he sec-
ondary structure of apo-AKeco differs from AKeco:APSA at 
the giant anion hole which accommodates the [3-phos-
phate of ATP [1 3] as the four N-terminal residues of helix 
a l now form a 3 1O-helix. Apo-AKeco is the only NMP 
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Figure 2 
Polypeptide properties of apo-AKeco' 
Secondary structures and domains NMPbind 
and LID are indicated by bars. To standardize 
the nomenclature for small and large variants 
of the adenylate kinases, the [3-strand in the 
additional LID domain of the large variants are 
numbered separately [3L 1 to [3L4. (8) Residual 
Co d istances after best superposition of the 
entire apo-AKeco molecules I and II (dotted 
line) and the separate domains CORE, 
NMPbind and LID (plain line). Discontinuities in 
this latter plot occur at the domain borders. 
(b) The main-chain S-factor distribution of 
molecule I (th in line) and molecule II (thick 
line). The main-chain S-factors of AKeco:APsA 
molecule I [4] (dotted line) are given for 
comparison. 
Table 2 
(8) 
~ 
Q) 
() 
c 
<II 
c;; 
'6 
(5 
(b) 
c;--
.:$ 
0 
ti 
~ 
r:il 
2.0 
1.5 
1.0 
0.5 
60 
30 
NMP bind 
PI 01 f12 02 03 04 
-----
20 40 60 80 100 120 
Residue number 
NMP bind LID 
20 40 60 80 100 120 
Residue number 
Deviations between individual domains of apo-AK.co and AK.co:AP5A after best superposition: 
apo-AKeco (molecule I) 
CORE NMPbind LID CORE 
apo-AKeco (molecule II) 0.3A 0.3 A (5°) 0.5 A (7°) 2.2A 
AKeco:APsA (molecule II) 2.2A 1.8 A (51°) 0.5 A (56°) 0.3A 
AKeco:AMP:AMPPNP (molecule II) 0.4 A 
LID :: 
140 160 180 200 
AKeco :APsA (molecule I) 
NMPbind LID 
1.8 A (45°) 0.5 A (53°) 
0.2 A (2°) 0.3AW) 
0.3 A (2°) 0.4 A (5°) 
' The rms deviations between Co positions are given together with the 
polar rotation angles K for the NMPbind and LID domains relative to the 
respective CORE domains (K is stated in parentheses). The structure 
AKeco:AMP:AMPPNP [8] is very closely related to AKeco:APsA [4], but 
is of lower accuracy as indicated by the torsion angle deviations 
between its molecules I and II . The domain definitions are: NMPbind, 
residues 30-59; LID, 122-159; CORE, all the other residues. 
150 Structure 1996, Vol 4 No 2 
kinase structure without an ionic group bound at this hole, 
and the only one showing such an a-helix deformation. In 
contrast, the amino end of helix a3, which is a 31Q-helix in 
AKeco:ApSA, has been prolonged by six residues in apo-
AKeco' A corresponding extension, but only by two 
residues, occurs at the amino end of helix a6. 
Apo-AKeco and AKcco:APsA show clear mobility differ-
ences (Fig. 2b) especially in domains NMPbind and LID, 
which are much more mobile in apo-AKeco' For our analy-
sis we took molecule II of apo-AKeco' which has slightly 
better density and lower B-factors than molecule I but 
essentially the same B-factor distribution (Fig. 2b). It is 
compared with molecule I of AKeco:APSA which is better 
defined than molecule II, but also has an essentially iden-
tical B-factor distribution albeit at a generally higher level 
[4]. The solvent-accessible surfaces of apo-AKeco and 
AKeco:APsA were calculated using X-PLOR (probe radius 
1.4 ,;\) [19]. With 11190 ,;\2 (11270 ,;\2 for molecule II) 
apo-AKeco has about 13% more solvent-accessible surface 
area than AKeco:APSA because of its more open conforma-
tion. The inhibitor APsA is almost completely buried, 
presenting only 25 ,;\2 of its surface to the solvent. 
Crystal contacts 
Molecules I and II are related by a twofold axis that is 
almost coincident with the crystallographic dyad of the B2 
crystals; the polar rotation is 10 off 180 0 at an axial transla-
tion of 0.9 ,;\ (off zero), and the axis is about 10 off the 
twofold axis. Conversion to a crystallographic twofold trans-
forms PI crystals with two molecules in the asymmetric unit 
into B2 crystals with one. Therefore, molecules I and II 
have nearly identical environments, and equivalent contact 
residue lists are designated by primed names (Table 3). 
Table 3 
Crystal contacts in apo-AKeco' 
Contact Contact Hydrogen Contact residue lists§ 
name* areat (A2) bondl;>* 
11-111 915 7 a -a' a 
a' 
11 1-112 574* 3 b'-c' b' 
c' 
11-12 546* 0 b -c b 
c 
11-113 418 3 d -e' d 
e' 
11-114 364 5 e -d' e 
d' 
11-115 364 4 t -I' t, I' 
The packing arrangement buries a total of 32% of the 
accessible surface, which is appreciably higher than the 
26% of AKeco:ApSA. The LID domains are involved in 
contacts 11-113 and 11-114 (where the subscript 1 denotes 
the reference molecule and all other subscripts indicate 
neighboring molecules; Fig. 3) which may prevent a more 
open LID conformation (such as that observed in the 
mitochondrial matrix adenylate kinase [3]), but not a more 
closed one. The slight difference between contacts 11-113 
and 11-114 shown in Figure 3 appears to be responsible for 
the asymmetry of the PI crystals. It seems noteworthy that 
contact 11-115 of apo-AKeco (Table 3) has a close counter-
part in AKeco:APSA [4], pointing to a preferred association 
mode of AKeco molecules. 
The 'energetic counterweight' hypothesis 
The B-factor plot (Fig. 2b) shows that domains NMPbind 
and LID are rather mobile in apo-AKeco as compared with 
AKcco:ApsA. In contrast, loops a4-rB and a5-[34 are 
mobile in the complex, but more rigid in apo-AKeco' We 
therefore conclude that the enzyme maintains a region of 
higher mobility throughout its catalytic cycle, but its loca-
tion changes. In the unligated state, it is represented by 
the domains LID and NMPbind at the 'top' and on the 
right-hand side of the model (Fig. 4a) and it is relocated to 
the 'bottom' (loops a4-[33 and a5-[34) on substrate 
binding (Fig. 4b). 
This observation has been quantified in Figure 5, in 
which we projected all mass onto an axis that is vertical 
in Figure 4 and averaged the B-factors along this axis. 
The B-factor change from high mobility at the top in 
apo-AKeco to high mobility at the bottom in AKeco:APSA 
and also in AKeco:AMP:AMPPNP (Fig. Sa) is of particular 
= 30-33,36,39,44,48,50,53-56,58,88, 156, 158, 167, 170 
= a plus 57, minus 30, 167, 170 
= 90,91,94, 172, 173, 176, 177, 179-181, 184, 195 
= 18, 21-26, 75, 76, 78, 79 
= b' minus 195 
= c' plus 1,27, minus 23 
= 141,142,145-150 
= 121, 1 24, 135, 136, 143, 144, 1 52, 153, 155, 1 61 
= e' plus 160, minus 121, 144, 153, 155 
= d plus 143 
=78,97-100,102,190 
11-116 209 0 g -h' g, g' = 11 2, 11 4, 115, 199 
11-11 7 203 0 h -g' h, h' = 201,203,204,207,211 
*The reference molecules are 11 and 11 1, The neighboring molecules 
are related by symmetry operators: 12 [x+l, y, zl; 112 [x+l, y, zl; 
113 [x, y+ 1 , z-1]; 114 [x+ 1 , y+ 1 , i-1I; 115 [x, y-l , zl; 116 [x+ 1 , y, z-11 and 
117 [x, y, z-11. tThe contact area is half of the two buried surface areas 
as calculated with X·PLOR (probe radius 1.4 A); two contacts occur 
twice (*). *Hydrogen bonds have lengths below 3.5 A. §Contacting 
residues contain atoms closer than 4.5 A. 
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Figure 3 
Stereo diagram illustrating the molecular 
packing in the a-c plane of the P1 crystals (c 
horizontal). The slightly asymmetric contacts 
between the LID domains of molecule I (left) 
and molecule II (right) are visible. 
significance. Moreover, Figure Sb shows the mass movi ng 
from the top in apo-AKeco to the bottom in the two com-
plexes (i.e. the NMPbind and LID domains moving 
towards the center). These features are obvious from the 
colors and conformations in Figure 4. 
The relocated mobile region indicates that the enzyme 
achieves two goals at once: it not only binds the educts 
tightly in order to gain specificity and defined geometry 
for the catalysis, but simultaneously makes the poly-
peptide more mobile at another place. The concomitant 
Figure 4 
Stereoview of the en backbone of adenylate 
kinase from E. coli color coded according to 
chain mobility from blue (B·factor of 9 A2) to 
white (B-factor of 93 A2). The color coding is 
identical for both structures although they are 
at different average B-factor levels. Some 
residues are labeled. (a) The structure of 
apo-AKeco (molecule II) showing the enzyme 
without bound substrates. The LID domain is 
at the top and the NMPbind domain is on the 
right. The counterweight region is at the 
bottom, above and to the left of residue 98. 
(b) The structure of AKeco:AP5A (molecule I) 
[4] with the bi-substrate analog inhibitor 
shown in green. 
(a) 
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,-~ . 
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mobilization consumes binding energy keeping the total 
binding energy change small. Accordingly, the enzyme 
avoids dropping into an energy well on educt binding and 
thus facilitates subsequent product release. The enzyme 
needs this so-called, 'energetic counterweight' because 
the catalyzed phosphoryl transfer between phosphates 
provides no energy difference that could be used to exit 
from an energy well. This interpretation assumes that the 
entropy gain on chain mobilization fails to compensate for 
the concomitant binding energy loss, as known from all 
defined protein structures. 
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Figure 5 
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Quantification of the suggested energetic 
counterweight balancing substrate binding, 
The diagrams show the mass and the B-factor 
projected onto a vertical line in Figure 4 
averaged over layers of 2 A thickness. The key 
is as follows: apo-AKeco(molecule II) (plain 
line); AKeco:AP5A (molecule I) [41 (dotted line) 
and AKeco:AMP:AMPPNP (average of 
molecules I and II) [81 (dashed line). (a) Main-
chain B-factors as related to the respective 
overall main-chain B-factor average. 
(b) Number of non-hydrogen polypeptide 
atoms per 2 A layer. 
Relative B-factors Mass per height 
The counterweight hypothesis is corroborated by the 
finding that loops a4-133 and a5-134 are also mobile in the 
ligated adenylate kinase and uridylate kinase from yeast 
[6,7], but much less mobile in the unligated muscle 
cytosolic adenylate kinase [2] and mitochondrial adenylate 
kinase [20]. The fact that some residues of loop a4-133 
(residues 73-80) participate in a crystal contact (Table 3) 
appears to be of minor importance for the validity of the 
hypothesis, because this loop is also involved in a crystal 
contact in AKeco:APSA [4]. 
At this point an intriguing observation with the mitochon-
drial enzyme seems worth mentioning. The post-transla-
tional modification of this enzyme (Asn3--?Asp) detected 
in liver cells gives rise to a twofold catalytic rate accelera-
tion [21,22]. As this modification is far from the active 
center, the enhancement was not understood. Now we 
realize that the modification is close to the counterweight 
region and could possibly affect the counterweight system. 
Interestingly enough, the distantly related G-proteins, 
which contain the same central chain fold and the same 
nucleoside triphosphate binding position as the NMP 
kinases [10,23-25], are considered to bind their receptors 
at a surface corresponding to the counterweight region, 
close to the Nand C termini of these proteins [24,26,27]. 
As this region is mobile in GTP-ligated G-proteins 
[25,26], we suggest that G-proteins and adenylate kinases 
also share the counterweight system. This implies that 
binding to the receptor solidifies the counterweight region 
(corresponding to the formation of apo-AKeco)' which in 
turn mobilizes the nucleotide-binding region, facilitating 
the GDP/GTP exchange. Because the allosteric effect of 
the receptor runs from the amino end of the central 
parallell3-sheet to its carboxy end where the nucleotide is 
bound, one may equate this sheet with a bundle of flower 
stalks that open up at the top (Fig. 4) releasing the 
nucleotide when being squeezed at the bottom. 
Conformational differences 
To a first approximation, the motions of adenylate kinases 
on substrate binding [14] were described as rigid-body 
movements of the NMPbind and LID domains implying 
the existence of two hinges at the connections of each 
domain to the bordering chain. A further analysis of the 
LID domain movement, based on the structures of mito-
chondrial matrix [3] and E. coli [4] adenylate kinases (36% 
identical amino acids), showed that there are actually four 
hinges for this domain [15]. Now, we can compare two 
covalently identical molecules, avoiding the uncertainties 
introduced by interspecies differences. 
For this comparison we used the 'fit-all' procedure of Ger-
stein and Chothia [28] (see the Materials and methods 
section for details). The result is shown in Figure 6 which 
outlines eight hinges, HI-H8. (These hinges are also indi-
cated in Figure 1.) H2 and H4 border the NMPbind domain 
which also contains H3 between helices a2 and a3. The 
positioning of hinge H3 indicates a relative displacement 
of these two helices rendering the previous description of 
the NMPbind domain motion as a rotation/translation 
(Table 2) a rough approximation. 
In contrast, the movement of the LID domain between 
H5 and H6 as a rigid body is rather accurately described 
by a rotation/translation. H7 at position 175 separates 
helices a7 and a8 that actually form a long single helix 
with a kink at Prol77. This proline is well conserved and 
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Figure 6 
C 
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~ 100 I~ 200 
Starting point of segment 
Result of the 'fit-all' method [28) in the comparison between apo-AKaco 
{molecule II} and AKeco:AP5A {molecule I} . The contour levels are at 
0.1 A intervals from 0.1 A-1.0 A outlining hinges H 1-H8 at positions 
15, 30, 45, 59, 115, 159, 175 and 196 respectively. At higher contour 
levels the hinges tend to become obscured by features depending on 
the particular local chain fold. The secondary structure of AKeco :Ap5A 
is given as a reference. 
apparently required for the catalytic motions_ In addition 
to H5, H6 and H7, the previous compari son based on dif-
ferent species showed the presence of a fourth hinge, at 
residue 121 (15), involved in LID domain movements. 
Figure 7 
Stereoview of the Ca backbones of the LID 
domain in apo-AKaco {red and pink} and 
AKeco:Ap5A {green and yellow} that were 
superimposed on the CORE domain 
containing the bulk of the polypeptide. The 
phosphates of Ap5A {blue, ATP at the rear} 
and the side chains of the attracted and 
rearranging residues Arg123, Arg156, 
Asp158 and Asp159 are shown. Some 
residues are labeled. 
As we find only a sma ll signal at this position, we suggest 
that this fourth hinge merely reflected an interspecies dif-
ference and not a motion_ The positions of HI and H8 
indicate that small conformational changes are involved in 
the solidification of the counterweight region (Fig. 4). 
Kinematics of the LID motion 
The LID motion provides a good example for analyzing 
torsional changes in a polypeptide. Concentrat ing on dif-
ferences of more than double the e rror level, which is _80 
as derived from the comparison of molecule I and mol-
ecule II in apo-AKeco (see above), leaves us with ~1jJ114=19° 
and ~ljJll S=22° at H5 as well as ~4>I S8=24°, ~ljJlS8=40°, 
~l\Il S9=42°, ~4>1 6o=45° and ~l\II 60=30° at H6_ These differ-
ences are appreciab ly smaller than those of the previous 
interspecies comparison, where even a peptide flip had to 
be postulated as part of the torsional motions [15]. 
Most conspicuously, the large changes occur at Asp 158 
and Asp 159. On binding, the substrate phosphates attract 
Arg123 and Arg156 which in turn attract these two aspar-
tates, giving rise to the motion of an II-residue loop in 
small adenylate kinase variants [7]. This II-residue loop 
of the small variants corresponds to the LID domain of 
large variants such as the E . coli enzyme. Because these 
four charged residues are strictly conserved in the whole 
famil y, we suggest that not only the loop motion of the 
small variants, but also the LID domain motion of the 
large variants, is caused by the phosphate attraction rear-
ranging these residues. 
We have used molecular dynamics calculations to try to 
simulate the LID motion from an 'open' to the 'closed ' 
state (Fig_ 7) [19]. In our hands, however, the program 
yielded only the kinematics of this motion, but not the 
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Figure 8 
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Kinematics at hinge H6 in the movement of domain LID from an 'open' 
to the 'closed' state as derived from a molecular dynamics simulation 
using X-PLOR [19]. The average (q"tjJ) pathways of the 'trigger' 
residues are plotted with dots at 0.5 ps intervals: S, start in the 
apo-AKeco structure; E, end of simulated pathway; T, target value in the 
AKeco:AP5A structure. The averages are from 1 0 simulations all of 
which run along similar pathways. The allowed regions [18] of the 
(q"tjJ) plot are indicated by dotted lines. 
energetics. As a result we find that the large torsional 
motions at hinge H6 (residues Asp188, Asp159 and 
Gln160) follow characteristic pathways differing apprecia-
bly from the shortest connections between start and target 
values (Fig. 8). Apparently, the local backbone geometry 
necessitates extensive detours. 
We expect that more elaborate simulations will show the 
LID domain motion to be a consequence of the phos-
phates attracting these arginines and aspartates. Such a 
demonstration would certainly help to explain the chemo-
mechanical energy transduction in Fj-ATPase and myosin, 
which resemble the adenylate kinases with respect to the 
local chain fold around the ATP-binding site [11,12]. 
Biological implications 
Different conformations of the same polypeptide (e.g. 
an enzyme with and without bound substrate) permit 
detailed analyses to be made of torsional changes 
such as those occurring during a catalytic cycle. Such 
an analysis has here been initialized for the large 
motion of the LID domain (one of two domains 
known to undergo substantial movements) of 
Escherichia coli adenylate kinase. Of particular note, 
the phosphates of the bound substrate may drive the 
large motion of the adenylate kinase LID domain by 
attracting and rearranging two highly conserved argi-
nine-aspartate couples. This putative 'motor' could 
become a paradigm for the energy transductions in 
F rA TPase and myosin. 
Adenylate kinases are as abundant as the 
ATP/ADP/AMP system that provides the energy for 
numerous reactions in the cell. Especially high con-
centrations of these ubiquitous enzymes occur in 
mitochondria and chloroplasts, the eucaryotic cell's 
power houses. Adenylate kinase maintains the 
nucleotides at their equilibrium levels, thus facilitat-
ing A TP usage and replenishment. The enzyme 
needs to be specific in order to avoid unwanted phos-
phoryl transfer reactions, among them hydrolysis. 
This specificity is accomplished by two domains of 
about 30 residues each closing tightly over the bound 
substrates. Tight substrate binding, however, drops 
the enzyme into an energy well that decelerates catal-
ysis. Because phosphoryl transfer between phos-
phates is energetically neutral, there is no energy gain 
during the reaction to allow 'escape' from such a well. 
We propose, therefore, that this energy well is filled 
up by diminishing internal binding energy through 
mobilizing the polypeptide chain in a region remote 
from the active center. This loss of internal binding 
energy acts as an 'energetic counterweight', thus 
maintaining a high reaction rate. 
The distantly related G-proteins are considered to 
bind their receptors in an area equivalent to the coun-
terweight region of the adenyl ate kinases. One may 
speculate, therefore, that G-proteins possess a similar 
system (working in the reverse direction) in which 
binding to the receptor solidifies the counterweight 
region, which in turn decreases nucleotide binding 
strength facilitating GDP/GTP exchange. 
Material and methods 
Enzyme purification and crystallization 
Adenylate kinase from E. coli was isolated from an overproducing 
strain [29] following described procedures [30]. Crystals were grown 
at 20°C using the hanging drop method. The drops contained 
25 mg ml-1 protein, 50 mM MOPS at pH 6.9, 13-18% PEG 6000 and 
0.02% NaN3. The 1 ml reservoir contained 23-27% PEG 6000 in 
50 mM MOPS at pH 6.9. Crystals with dimensions 80x 1 OOx 120 fJ.m3 
appeared after about one week together with thin needles and precipi-
tate. The crystals were crushed and added to drops that were 2-3 
days old, where upon numerous 40x60x80 fJ.m3 crystals grew within 
1 2-24 h. These crystals were used for macroseeding of drops that 
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were 2-3 days old, giving rise to crystals with dimensions 
250x400x 11 00 fLm3 within one week. The crystals tended to get 
round edges and degraded within another 1-2 weeks. As no storage 
buffer could be found, crystals were mounted directly from the drop. 
Crystals from freshly prepared protein seemed to be more stable. The 
crystal space group was P1
0 
with two !l'olecules per asymmetric unit 
and cell parameters a=31.8 A, b=54.5 A, c=71.3 A, CI.=67.7°, 13=77.9° 
and ,,/=88.4°, corresponding to a solvent content of 48%. 
X-ray data collection 
The diffraction data were collected from two crystals with an area 
detector (model X1000, Siemens [Karlsruhe, Germany]) and 
processed with XDS [31]. In addition, we collected data from two 
further crystals on a four-circle diffractometer (model P2 1, Siemens). 
The value of the RFiso-factor between the two data sets was 6.8% in 
the range 00-3.1 A for 7980 reflections. The 4 A resolution data from 
one native crystal turned out to belong to a closely related crystal form 
with space group B2 and cell parameters a=138.9 A, b=54.0 A, 
c=31.8 A and ,,/=67.5°. The general hkl transformation matrix from the 
P1 to the B2 crystals was (-1 0 1; 0 1 0; 2 0 0). This confirmed that 
there are two molecules in the asymmetric unit of P1 related by a local 
twofold axis close to a crystallographic axis in B2. 
Structure determination by molecular replacement 
The B2 crystal was used for molecular replacement because it con-
tained only one asymmetric molecule. The search model was based on 
molecule I of AKeco:AP5A [4]. Its NMPbind and LID domains were 
opened by rotations of about 35° and 25° respectively. The search 
model was placed in a cube with sides of 100 A and subjected to a 
rotational search with vector lengths of 5-45 A [32]. The highest 1500 
peaks were clustered within 1 0° ranges and reduced to seven peaks 
with similar orientations by Patterson correlation [32]. The highest peak 
was 2.2a above the mean and 1.2a above the next highest peak. A 
subsequent translation search resulted in a solution with a correlation 
coefficient 4.8a above the mean and about 1 .6a above the next 
highest peak; the initial R-factor was 52% (10-4 A). 
The transition from space group B2 to P1 was achieved by creating a 
symmetry-related molecule around a twofold axis and subsequent rigid-
body refinement. The initial R-factor in P1 was 48.9% (10-4 A). After 
the first round of simulated annealing refinement [19] the R-factor 
dropped to 29.6% (10-2.5 A). As a (2Fobs-Fcalc) map showed 
good density except for residues 114-165 (LID domain region), 
this segment was discarded. It returned in rounds 2 and 3. Water 
molecules were introduced from round 4 onwards (Table 1). 
Identifying hinge positions 
The 'fit-all' method [28] was used to compare apo-AKeco (molecule II) 
and AKeco:AP5A (molecule I). The procedure superimposes all possible 
continuous segments of the two chains. The resulting rms deviations 
after optimal rotation/translation are displayed at the grid points 
defined by start and end residues of the respective segments (see 
Fig. 6). Single-residue segments lie on the diagonal, dipeptides on the 
next parallel, and so on until the whole chains appear at the upper left-
hand corner. If a chain part n l -n2 contains a hinge at residue n, all seg-
ments within n l -n and n-n2 have deviations below the error level. 
Segments crossing n, however, include the hinge and show higher 
deviations. Accordingly, a contour just above the error level runs paral-
lel to the x-axis at y=n and then parallel to the y-axis at x=n, meeting the 
diagonal at the hinge point n. 
Molecular dynamics showing kinematics 
The simulation was done with X-PLOR [19]. All residues outside H5 
and H7 (i.e. 1-113 and 176-214) were fixed, and the LID domain 
region (117-155) was solidified by the SHAKE option. First, we tried 
to make the LID domain adopt the 'closed' conformation by applying a 
harmonic potential attracting residues Arg 1 23, Arg 156, Asp 158 and 
Asp159 to their 'closed' position. In our hands, however, this 
procedure deformed the LID domain in spite of the SHAKE solidifica-
tion, and failed to move it appropriately. Therefore, we supported the 
domain motion by applying a harmonic attraction on the Ca atoms of 
the LID domain with the same total energy of 200 kcal mol-1 as for the 
arginine-aspartate attraction. This closed the LID domain after about 
15 ps simulation time, but reduced the description to mere kinematics. 
The coordinates and structure factors of the apo-AKeco structure have 
been deposited in the Brookhaven Protein Data Bank with entry codes 
4AKE and R4AKESF, respectively. 
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